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ABSTRACT 


hewee eso MLCCOseEruecture 25 a function of distance from 
the fusion line was conducted for an instrumented weld in 
HY-130 steel plate. Thermocouples were positioned in the 
piate at various distances from the fusion line and were used 
PomeoDtaunmecme welding thermal history at these locations. A 
fOeretatloumswas themeaeveloped between the microstructures 
peoeGycdeana tne thermal history experienced. Additionally, 
ia omnicnore tie Meat atrected Zones Of the initial weld 
passes by subsequent weld passes was calculated and correlated 
with hardness and microstructural data. Finally, a further 
study of the 'metaliurgical notch" phenomenon postulated by 


Brucker was undertaken. 
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I. INTRODUCTION AND BACKGROUND 


Pee REViIOUS RESEARCH EFFORTS ; 

Over a period of approximately ten years a considerable 
Beseaneh erfort has been mounted to produce a successful re- 
Meeeement fOr HY-S0 steel for submarine hull applications. 
Mii-wprejceerted follow-on, HY-130, is a 0.1% carbon alloy steel 
containing approximately 5% nickel and lesser amounts of 
several other alloying elements. 

Previous studies have ied to the drafting of the speci- 
leatmens tOr production of forged, wrought and cast HY-130 
steel [Ref. 1,2,3]. Other research by Connor, et al [Ref. 4], 
Flax, et al [Ref. 5] and others have determined the optimum 
Pabameters for welding HY-150 steel for a variety of welding 
techniques. Several studies have been conducted at the 
Massachusetts Institute of Technology by Masubuchi [Ref. 6] 
“amemm@ers Wander contract to the Office of Naval Research to 
determine the stresses induced during welding and the residual 
Stresses that may remain after welding HY-150. 

Studies by Rogalski [Ref. 7] and Mabry [Ref. 8] included 
test welds instrumented with thermocouples as well as strain 
gages. These test welds placed thermocouples no closer than 
0.5 inches (12.7 mm) to the weld and were spaced at varying 
distances from the weld. Additionally, Lipsey [Ref. 9] used 


a computer program to predict the temperature at various 


ii 





locations in the test plate. in all of these tests however, 

no effort was made to measure or predict the temperature during 

welding closer than 0.5 inches (12.7 mm) to the fusion line. 
Recent investigations into the catastrophic failure during 

explosion bulge testing of a cast HY-130 plate pointed out the 

need to further investigate the effects of the welding process 

on the metal surrounding the welded area of the plate. The 

explosion bulge test (EBT) is described by Brucker [Ref. 10] 

and detailed in a Department of the Navy Specification [Ref. 11]. 

PucKed reported that cracks produced in test plates which 

had undergone the EBT initiated and propagated through the 

heat affected zone (HAZ) of the plates. His investigation led 

to the postulation that a "metallurgical notch" had been created 

an the HAZ by the welding process and that this was a contribut- 


Pieeeadecear in the catastrophic failure of one of the plates. 


Pee tte INSTRUMENTED WELD 

The decision was made to perform an instrumented weld using 
the plate dimensions of the explosion bulge test sample in an 
effort to better characterize the welding process and the metal- 
lurgical consequences resulting from it. Two pieces of wrought 
HY-130 plate were provided by NAVSEA from their inventory at 
the Mare Island Naval Shipyard (MINSY). Each piece was 1 15/16 
inches (4.92 cm) thick and measured 15 inches (38.1 cm) by 40 
micwesmLO0l.,6 cm). the chemical composition and heat treat- 


Memmedataeton the test plates is presented in Table I. 





DAB Lief 


Edentiufication, Chemical Composition 
and Heat Treatment Data for Test HY-130 Piate 


Manuracturer: U.S. Steel Corporation 


Heat No.: 5P4184 
Plate No.: 050310 
Thickness: 1 15/16 inches 


Chemical Composition 


Element WicHeciitie Ee me cine 
Carbon OPPS 
Manganese teu 
Phosphorus 0.005 
Serr 0.007 
Sa eon Os, 
Nickel 4.80 
Chromium Oras 
Molybdenum 0.54 
Vanadium 000 
Titanium 0.004 
Copper 0.08 
ion Remainder 


He aiemn ce a eile Mir 
Puletenitized at 1525°F for 35 hours,water quench. 
Tempered at 1145°F for 3 hours,water quench. 





Plate preparation and gas metal arc welding were conducted 
at MINSY according to specifications drawn by Brucker. (A 
Gcemmmece description of the preparation and instrumentation 
@ppears in Reference 11.) The Welding Procedure Qualification 
Record from MINSY and diagrams of the thermocouple mounting 
arrangement are presented as Appendix A. It should be noted 
that the heat input during welding was maintained at 52,000 
Joules per inch which was within the range of values recom- 
mended by Connor, et al [Ref. 12]. 

The temperature excursions experienced by the thermocouples 
were recorded on a Honeywell Model 5600E Analog Magnetic Tape 
Recorder. The tape was transferred to the Naval Postgraduate 
School (NPS) where time-temperature plots for each weld pass 
for each thermocouple were produced on a Gould Model 110 Strip 
Chart Recorder. The welded plate was also returned to NPS 


Eemetureher analysis. 


Geese ehe AND OBJECTIVES OF CURRENT RESEARCH 

The present research effort was confined to a study of the 
microstructure of the metal from the instrumented weld plate 
using standard metallographic techniques. 

Ooumeal microscopy was used to determine the microstructure 
present and carbon extraction replicas were made for examina- 
Suonminuetne lransmission Electron Microscope (TEM) to deter- 
mine the morphology and distribution of carbide particles 


present. 
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A determination of the correlation between the micro- 
Structure at the thermocouple locations and the thermal 
history of those iocations was sought. Additionally, an 
effort was made to determine the magnitude of tempering, if 
any, that might have been produced in the initial weld passes 
and their associated HAZ‘s by subsequent weld passes. Finally, 
an attempt was made to further investigate the "metallurgical 


notch" phenomenon postulated by Brucker. 


ie 





li so] XceR MENTAL SP ROCE DURE 


Poe MACRO SAMPLES 
eee Do bhatLOn 

The instrumented weld plate, measuring 30 inches (76.2 
ommeoy 40 simenes (101.6 cm) was torch cut at MINSY to facili- 
tate transportation and handling. The cuts were made parallel 
to and approximately 4 inches (30.16 cm) from the weld center- 
line. The plate was then sectioned perpendicular to the weld 
with a horizontal band saw into approximately three-quarter 
inch (19.05 mm) thick specimens. Each specimen contained two 
thermocouples, one on each side of the plate. A diagram of 
a typical macro sample appears as Figure 1. The faces of the 
Specimens were then surface machined to just penetrate the 
holes containing the thermocouples. The faces were then sanded 
on a belt sander using 180 grit then 240 grit paper to remove 
the machining marks and to produce a smooth, flat surface suit- 
able for macro etching. A solution of 10 grams of ammonium 
persulphate in 90 milliliters of distilied water proved to be 
the best macro etchant and revealed characteristics of the 
HAZ which were not visible with a concentrated sulfuric acid 
etchant (Fig. 2). The ammonium persulphate etch was used 
successfully by Stoop and Metzbower [Ref. 13] and by Connor 
and Haak [Ref. i4] to reveal the characteristics of the HAZ 


in various steel weldments. The surface of each macro sample 
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Figure 2. Example of resolution of weld 
area possible with ammonium 
persulphate etch. 
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was alternately swabbed with the ammonium persulphate solution 
fel a cOLtTOn tipped applicator and rinsed with distilled 
water until the desired degree of contrast was obtained. 
Photographs were taken of each macro sample and are presented 
as Figures 3 through 12. Note that a temper bead sequence 
was used on the top half of the weld and a straight sequence 
Docdm@umene bottom half. 
Ceeeetyoical Measurements 

At each thermocouple location, measurements were made 
of the distance from the bottom of the thermocouple hole to 
the fusion line of the weld and to the edge of the visible HAZ. 
Measurements were also made of the thickness of the visible 
HAZ in the vicinity of the thermocouple hole. All of these 
measurements were made using a Bausch & Lomb 7X surface obser- 
vation lens containing a calibrated scale with 0.1 mm divisions. 

These measurements were made in order to determine the 
location of the thermocouple with respect to the fusion line 
after welding and to permit comparison of the physical charac- 


teristics associated with the thermocouples. 


B. METALLOGRAPHIC SAMPLES 

Pome seOf alsculcanle size for metallographic examination 
were cut from the macro specimens using a high speed Do-All 
diamond saw. Each specimen contained the metal surrounding 
only one thermocouple attachment point. The specimens were 


then mounted on edge in Bakelite, using standard metallographic 
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Sample preparation techniques, to permit microscopic examina- 
tion at the precise point of the thermocouple attachment. 
Extreme care was taken during subsequent grinding and polish- 
ing to ensure that the surface presented was in fact that of 
the point of attachment of the thermocouple and not below it. 
This was considered critical as the peak temperatures experi- 
enced during welding were found to vary widely over distances 
feeomalinas one-eighth of an inch (3.17 mm). The samples 
were then etched by immersion in a 5% nital solution and 
examined with a Zeiss Universal Photomicroscope. Photographs 
were taken at selected thermocouple locations in an attempt 


momentaracterize the microstructure present. 


fe eR DNESS MEASUREMENTS 

To aid in the determination of the degree of tempering 
achieved at each of the thermocouple locations, a microhardness 
traverse consisting of five penetrations was conducted in the 
area of the thermocouple attachment point on each of the metal- 
lographic samples. 

One macro specimen, cut from the plate in an area between 
thermocouple locations, was prepared for macro-etching in tne 
Same way as the others. After etching with the ammonium per- 
Sulphate solution, this sample was tested using a Wilson 
Rockwell Hardness Tester with a Brale indenter and a 150 kilo- 
gram load. Penetrations were made at 0.1 inch (2.54 mm) inter- 
Tt EOtal Of 5 linear traverses were made on the sample. 


A diagram of the traverse locations appears as Figure l5. 
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The macro sample containing thermocouples 1-3 and 3-3 

was cut using the high speed diamond saw to produce one metal- 
Eosraphic sized specimen from the area of the last pass of 

mee straight sequence welded side of the plate and two speci- 
mens from the corners of the temper bead sequence. A diagram 
of the specimen locations appears as Figure 14. Each of the 
Specimens was mounted in Bakelite, polished and etched with 
the ammonium persulphate solution. Microhardness traverses 
were conducted on each sample perpendicular to the fusion line 
at 30 micron intervals using a diamond pyramid indenter and 

a 200 gram load. Figures 15a, b, c, indicate the locations 

of these traverses. A total of 4 linear traverses were made 


With an average of approximately 100 penetrations per traverse. 


Pee Nnerols OF THE TIME-TEMPERATURE PLOTS 

The time-temperature plots were examined to determine the 
peak temperature each thermocouple experienced during each weld 
pass. Determination of the peak temperature was accomplished 
by first preparing a temperature scale using the data collected 
mrineeaescalibration run of the instrumentation prior to the 
commencement of the welding. Calibration data were available 
nomewemm@endtures Of 70, 500, 750, 1000, 1250, 1500, 1750, 2000 
and 2288°F. When plotted, the data produced a nearly linear 
scale. As no additional information was available as to the 
Mature of the non-linearity, it was decided to approximate the 


temperatures between the known data points by linear interpolation 
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methods. It is recognized that some error in the measurement 
of the temperatures is thus introduced. However, the error 
is estimated to be less than 8°F. 

The time to reach a given temperature during both heating 
and cooling of the weld area was measured and recorded for later 
use in determining the tempering parameter P. aoe d le eame— 


memperature plots are presented as Figures 16 and 17. 


E. CALCULATION OF THE TEMPERING PARAMETER 

In addition to the temperature measurement, it was desired 
to determine the amount of tempering each thermocouple location 
experienced due to previous and subsequent weld passes. To 
determine the amount of tempering a given area received, the 
tempering parameter P for that location was calculated using 
equations developed by Hollomon and Jaffee [Ref. 15]. 

For the initial tempering due to the rise from the preheat/ 
iesoimum imterpass temperature of 250°F to one-half the peak 
temperature, equation (1) was used. 


Ps = T (c + log t) (1) 


mere: 1 temperature, mak 


t time spent at temperature T, in seconds 


iT 


© constant 
E@menhese calculations, the simple average of 250°F and 
one-half the peak temperature, converted to °K, was used as 


maneneximation tor | and the time elapsed during the rise 


from 250 °F to one-half the peak temperature 
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was used as an approximation for t. The value of one-half the 
peak temperature was arbitrarily chosen to provide two values 
for T during the rise to the peak temperature, increasing the 
Meemracy Of the estimate. Further subdivision of the rising 
portion of the time-temperature plot was impossible as the 
time intervals became too small to accurately measure. 

Te determine the increase in the magnitude of the tempering 
peeeameter due to the remainder of the thermal cycle, equation 
(2) was used. Ps 
At a 
see 


Eee log ( + 10 ) | (2) 
L0 





oe O 
Poome- et — new higher or lower temperature, K 


ie time spent at the new temperature, in seconds 


Ps 


initiai value of the tempering parameter, from 
equation (1) 


c = constant 
For these calculations the temperature T was taken as the simple 


average between the following values (when applicable) converted 


to OK: 
1/2 Peak Temperature and Peake vemperacture 
Pea lLemperature and 720°F 
720°R and 600° 
600°F and S00°F 
500°F and 400°F 
400°E and 300°R 
300°R and Stee 





The time value, At, was taken as the time elapsed during the 
rise/fall between the temperatures listed above. The value 
of the constant, c, was chosen to be 14.44 following the work 
done by Grange and Baughman [Ref. 16]. They used a similar 
approach in the calculation of the tempering parameter and 
Beeocea value of 18.0 for the constant c for a wide range of 
steels and concluded that the value of the constant was not 
critical. In their calculations the time t was expressed in 
hours. A corresponding value of c = 14.44 is obtained when 
time is expressed in seconds in equations (1) and (2), and 

It was decided to use this value for the constant c in all of 
mae calculations in this research. 

The value of /20 degrees Fahrenheit is also of particular 
interest. Research conducted by United States Steel Corpora- 
tion's Applied Research Laboratory [Ref. 16] on HY-150 steel 
has resulted in the development of an isothermal transformation 
diagram and the determination of the approximate Aj), Az, and 
M, temperatures for this steel. A reproduction of this diagram 
appears as Figure 18. The M. temperature 1S approximately 
720°F (382°C) and the Ay temperature is approximately 1210°F 
f655 6G). The A, temperature has been determined to be approxi- 
mateiy 1400°F (760°C) .[Ref. 17]. Determination of the time 
elapsed during cooling from the peak temperature to 720°F 
(@e2-C) would be oral in determining whether transformation 


from austenite to martensite had occurred. 
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F. CARBON EXTRACTION REPLICAS 

Following optical metallography, each of the metallographic 
specimens was re-polished using a 1.0 micron diamond paste and 
re-etched by immersion in a 5% Nital solution. The samples 
were then placed, one at a time, in a Fullam Model 1250 vacuum 
evaporator where a thin fiim ot carbon was deposited on the 
Surface of each. Deposition was accomplished with the vacuum 
in the chamber at 6 x i@: torr. <A Current of 50 amps was 
passed through the carbon electrodes for a burn time of approx- 
imately three seconds. The surface of each sample was See 
scribed to form a 2 millimeter grid pattern at the location 
of the thermocouple attachment point and immersed in a 10% 
Nital solution to remove the replica from the surface. The 
Samples were then immersed in a 2% Ethanol in distilled water 
Eereuiton to float the replica from the sample. The replicas 
were then captured on a 3 millimeter diameter copper grid 
and allowed to dry. Examination and photography of the 
replicas was performed on a Phillips Model EM 201 Transmission 
Electron Microscope (TEM) at Stanford University's Hopkins 


Meiners tation in Pacific Grove, California. 





LS ME SUICES ANB) DISC USS OI 


A. MACROSCOPIC EXAMINATION 

The results of the physical measurements of the base metal 
HAZ width and the distance from the fusion line to each thermo- 
couple attachment point are presented in Table II. Also in- 
Cluded are the distances of the thermocouples from the beveled 
weld groove prior to welding. The average width of the base 
metal HAZ was found to be 0.16 inches (3.95 mm) and did not 
vary significantly with location on the plate or with the weld 
bead sequence used. Figure 19 shows the peak temperature 
recorded by the thermocouple plotted versus its distance 
from the fusion line after welding. The scatter in the data 
presented is due to the uncertainty in the position of the 
thermocoupie at the bottom of the hole in the welded plate. 
The holes were 0.25 inches in diameter (6.35 mm). As can be 
seen in the inset in Figure 19, one corner of the hole shown 
is closer to the fusion line (traced) than the other. If the 
thermocouple were located at this corner, it would indicate 
a higher peak temperature for the nearest weld pass than if 
noume@casat any Other location on the bottom of the hole. A 
Siaceargument can be made for all thermocouple locations. 
Since the thermocouple wires were mounted in an insulating 
ceramic sleeve which tended to center the wires in the hole, 


it is estimated that 95% were within 0.07 inches (1.78 mm) 
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femeiewiole Center, assuming a normal distribution. A deter- 
mination of the error in the measurement of the temperature 

as a function of distance from the fusion line is rendered diffi- 
cult by the dew drop shape of the weld bead as depicted in the 
inset of Figure 19. The magnitude of the error would increase 
as the distance from the fusion line decreased due to the 


eccoless Of the temperature gradient in that region. 


B. ROCKWELL HARDNESS MEASUREMENTS 

Tne results of the Rockwell hardness traverses conducted 
meewmiresented in Tables III, IV and V. It should be noted that 
the HAZ region hardness on both the temper bead side of the 
Peewesand in the center of the plate is about 5 R, lower than 
the HAZ on the straight sequence side. The weld metal hardness 
near the fusion line was also higher for the straight sequence 
eden or the plate. 

These measurements are not considered conclusive in any way. 
They do, however, indicate a trend which was later verified by 
microhardness traverses. The Rockwell hardness test, due to the 
relatively large size of the indentations it produces, is not 


Suited for measurement intervals closer than 0.i inch (2.54 mm). 


C. MICROHARDNESS MEASUREMENTS 

The microhardness traverses conducted as described in the 
experimental procedure section of this report produced the 
meominceindicated in Pigures 20, 21, 22 and 23. Particularly 


noteworthy is the rapid drop in hardness shown for the last 
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Weabibe It 


Rockwell Hardness Data, Temper Bead Sequence 


OWS ii. TOP #2 
D ANCE FROM HARDN DISTANCE FROM HARDNE 
FUSION LINE ROCKWELL FUSION LINE ROCKWELL 
(INCHES) EO (INCHES) i Oy! 
WELD 4 Zs 
METAL 
ae Doms aD Zones 
me Doro Bie 34.2 
el S104 16 I 552.2 
FUSION LINE Hesse FUSION LINE Bo eel 
oh (HAZ 34.5 , LGA Z ) Sere f 
ae) 5550 me BE) 8) 
ao S245 0 Sue 
BASE 4 So 4 Sil 19) 
METAL 
5 Sa S 51eZ 
6 S070 me SOR 
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ENE erin: 


Rockweli Hardness Data, Root of the Weld 


CEimeERewEENe .C~R@OL OF WEED) 


DISTANCE FROM HARDNESS 
FUSION LINE ROCKWELL 
(INCHES) ae Oy 
a7 30.2 
BASE 6 30.0 
METAL 
RIGHT 5 29.6 
SIDE 
4 SOS Z 
3 31.6 
.2 (HAZ) 30.5 
.1 (HAZ) 34.9 
FUSION LINE Gas 
WELD ol 29.8 
METAL 
FUSION LINE 32.8 
.1 (HAZ) 36.0 
.2 (HAZ) 28.2 
3 31.0 
LEFT eet 502 
SIDE 
BASE aS 29.8 
METAL | 
5 29.2 
7 23.3 


de2 





TABLE V 


Rockwell Hardness Data, Straight Bead Sequence 


BOTTOM #1 BOTTOM #2 
DISTANCE FROM HARDNE DISTANCE FROM HARDNESS 
FUSION LINE ROCKWELL FUSION LINE ROCKWELL 
(INCHES) "cM ( INCHES) non 
3 35.8 
WELD sD 36.8 % 37.5 
METAL 
| 37.8 a 37.6 
FUSION LINE 37.0 FUSION LINE 38.0 
.1 (HAZ) 38.0 .1 (HAZ) 38.5 
.2 (HAZ) Sy eoak 2 32.0 
BASE 3 31.0 3 30.9 
METAL 
sf 30.0 4 29.5 
5 30.5 5 29.4 
6 Sak 6 neve 








pass of the straight sequence welded side of the test plate 
Siuoee20), Occurring at approximately 3.5 millimeters from 

the fusion line. This sharp drop occurs near the edge of the 
HAZ farthest from the fusion line and confirms a finding by 
Brucker [Ref. 18] supporting the theory that a "metallurgical 
notch'’ was produced in the HAZ by the welding process. The 
drop in hardness from an average of 400 to a low of 275 on 

the Vickers scale corresponds to a drop in yield strength from 
approximately 188 ksi to 125 ksi. The rapid drop is seen to 
occur over a distance of only 0.25 mm (0.01 inch). 

Figure 21 represents the results of the microhardness 
meavcice es wocated as shown in Pigure lsc. Figure 15c clearly 
indicates two HAZ's in the area of the hardness traverse. The 
initial drop in hardness from an average of 570 to an average 
me 940 on the Vickers scale occurs at a distance of approxi- 
mately 1.5 millimeters from the fusion line. This corresponds 
Boethewlimit of the HAZ produced by the thirteenth weld pass. 
The second sharp decrease in hardness similarly corresponds 
to the limit of the HAZ produced by the eleventh weld pass. 
The fine grained region of the HAZ produced by the eleventh 
pass was not re-austenitized by the thirteenth pass, but was 
tempered by it. The coarse grained region of the eleventh 
pass HAZ was re-austenitized by the thirteenth pass at a lower 
peak temperature (than experienced during the eleventh pass) 
resulting in an extremely fine microstructure which was 


tempered by the final pass. Studies by Kellock, et al, [Ref. 19] 
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of simulated weld HAZ structures and properties in HY-80 steel 
indicated nearly identical results for that alloy when subjected 
to a Similar thermal history. 

Puoume 22 1S a plot of the results of the microhardness 
mectmaemcOnducted at the location shown in Figure 15b(1) on 
the temper bead side of the plate. The shape of this plot 
is similar to that of Figure 20, but there are some important 
differences. The drop in hardness measured at this location 
is from an average of 370 to 270 on the Vickers scale. This 
corresponds to a change in yield strength from approximately 
moe ksameco 125 ksi. The decline is also more gradual, occur- 
ring over a distance of approximately 0.5 millimeters (©.02 inch). 
The reduction in the hardness gradient is due to the effect of 
tempering caused Dy subsequent weld passes. Kellock, et al 
[Ref. 20] reported similar changes in hardness in the HAZ of 
HY-80 steel due to tempering. Thus the tempering produced by 
subsequent weld passes reduces the severity of the "metallur- 
gical notch" by lowering the average hardness of the HAZ from 
about 400 to about 370 on the Vickers scale and increasing the 
ieocanecesever which the change occurs from 0.25 millimeters 
pono, omialtimeters (0.01 inches to 9.02 inches). 

fegmreoecs tepresentes the results of the microhardness 
traverse located in closely overlapping HAZ's resulting from 
the ninth and twelfth weld passes as shown in Figure 15b(2). 
The hardness in the area from the fusion line through approxi- 


mately one-half the total width of the base metal HAZ is 
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Slteateee that found im a corresponding region of the base 
metal HAZ in the first traverse made on that sample (Fig. 
15b(1)). The region of higher hardness, averaging 370 on 

the Vickers scale corresponds to that area of the HAZ pro- 
duced by the ninth weld pass which was heated into the inter- 
critical temperature range and subsequently heated again into 
the intercritical range by the twelfth weld pass. The carbon 
content of austenite formed as a result of heating in the 
intercritical temperature range wili increase (above the 
hominal 0.1% carbon content) as the austenitizing temperature 
decreases. Thus, the martensite formed upon cooling from low 
intercritical temperatures will nave a higher hardness than 
martensite formed upon cooling from higher austenitizing 
temperatures. The amount of martensite produced, however, 
will decrease as the austenitizing temperature is decreased 
Within the intercritical temperature range. The measured 
hardness then, represents the average hardness of the ferrite- 
carbide - martensite mixture. This average hardness is similar 
for all austenitizing temperatures within the intercritical 
temperature range. In all of the locations examined in this 
research, the region of the HAZ that was austenitized in the 
intercritical temperature range exhibited a higher hardness 
Gmame those regions which were austenitized at higher tempera- 
tures. The location at which this change in hardness occurs 
1s coincident with a change from a very fine microstructure 


femeraee, that Of the mixture of ferrite, carbides, and 


90 





martensite discussed above) to a much coarser martensitic 
meeeroseructure. A trend is also seen to exist in the coarse 
grained region of the HAZ, where the measured hardness increases 
as the microstructure becomes finer. 

Austenitizing in the intercritical temperature range (as 
Gmeeuooceca later in the section of this report concerning micro- 
Structural analysis) does not dissolve all of the carbides 
Peescent im the initial tempered martensitic structure. A double 
austenitizing treatment, such as that experienced at thermo- 
couple location 1-2 and in the vicinity of the microhardness 
traverse shown in Figure 15b(2), dissolves more of the carbides 
and results in a higher hardness. Austenitizing at a tempera- 
ture in excess of the Az temperature was found to dissoive all 
Summue Caroides in the initial tempered martensitic structure. 
A double austenitizing treatment at a temperature above the 
Az temperature would thus not be expected to produce a change 
iime@emmardness. It is believed that the closely overlapping 
HAZ's produced by the ninth and twelfth weld passes are respon- 
sible for the more substantial increase in hardness observed 
at the fine grain/coarse grain HAZ boundary, than observed at 
any of the other locations examined. 

The smali area between about 3.6 millimeters (0.14 inches) 
and 4.0 millimeters (0.16 inches) from the fusion line, with 
an average hardness of approximately 5320 on the Vickers scale 
is that region of the HAZ produced vy the ninth weld pass 


which was not re-austenitized by the twelfth weld pass. This 





region was subjected to some tempering from the twelfth weld 
pass resulting in a lower hardness than recorded for any other 
portion of the base metal HAZ. The tempering of the entire 
HAZ by subsequent weld passes accounts for the fact that the 
peak hardness is lower than that recorded for the straight 
Beagmemce tinal pass HAZ. 

It should be noted that in all cases, the fusion line hard- 
ness is much lower than that of either the adjacent weld metal 
or the adjacent base metal HAZ. The microhardness traverses 
also indicate a trend in increasing hardness as the measure- 
ments proceed from the fusion line through the HAZ. This in- 
Grease is slight and is evident in both the straight sequence 
miimeme temper bead sequence hardness traverses presented in 
Figures 20 and 22. 

The resuits of the microhardness measurements made at the 
Piegmocouple attachment points are presented in Table VI. As 
mecvtdene trom the data shown in the table, there is a Signi- 
Mmedmirmairrerence in the hardness measured at different thermo- 
Soupremlocations, from a low of 291 to a high of 382 on the 
Vickers hardness scale. This corresponds approximately to a 
eiamecerrom of to 40 on the Rockwell "C™" scale. The variations 
Mutainatess Measurements were not unexpected. Thermocouple 
4-1 exhibited the highest hardness value which is consistent 
with other results obtained in this research. At this location, 
the thermocouple experienced a final austenitizing pass which 


transformed the structure to martensite upon cooling. As this 





TABLE VI 


Microhardness Data for 
Thermocouple Attachment Points 


THERMOCOUPLE AVERAGE * 
NUMBER VECCERS na RDNESS 
1-4 50h 
3-4 298 
1-5 291 
3-3 SW 
er 360 
Lee 347 
oe 334 
oak S15 
Z-1 BOS 
Aor) 582 


Tietersetcal average of five readings. 


v1 
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location was that of the last pass on the straight sequence 
welded side of the plate, it did not receive any subsequent 
tempering by additional weld passes in the vicinity. The 
hardnesses for thermocouple locations most distant from the 
pierem line, 1-4, 3-4, 1-3 and 3-3, are very similar to one 
another and to the initial base metal values. This result was 
also expected as these four thermocouples were located in the 
base metal, at some distance from the HAZ. The readings ob- 
tained here would reflect essentially the hardness of the 
Structure of the parent plate, that of tempered martensite. 
Thermocouples 1-2, 2-2 and 3-2 were located very near to the 
HAZ or within it and were subjected to varying amounts of re- 
austenitization and tempering during welding. The hardness 
values recorded for these thermocouples, as expected, were 
higher than those outside of the HAZ and lower than that of 
thermocouple 4-1. Thermocouples 1-1 and 2-1 were located in 
the HAZ at or very close (0.1 mm) to the fusion line. The 
hardness values recorded for these thermocouples reflects the 
hardness of the fusion line which was found to be lower than 


adjacent weld metal and the base metal HAZ. 


Deemer HISTORY ANALYSIS 

The data obtained from the analysis of the time-temperature 
plots was used primarily to provide a basis for the investiga- 
mIonmamamcOrrelation of hardness data and microstructural 


observations. Tables of the peak temperatures experience by 
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selected thermocouples during each weld pass along with the 
time recorded for the thermal cycles are presented in Appendix B. 
The tempering parameter described in the experimental pro- 
Beaune section of this report was calculated for passes 3 
through 15 at thermocouple location 1-2, and for passes 13, 14 
and 15 at thermocouple location 2-1. These locations were 
chosen in order to compare the relative tempering effect due 
to the last three weld passes with that produced by a larger 
number of weld passes. The value of the tempering parameter 
calculated for the last three weid passes at thermocouple 
ieedeton 2-1 was P = 11,613 while that calculated for the 
large number of passes at thermocouple location 1-2 was P = 
11,3871. The difference in tempering effect produced at the two 
meererene thermocouple locations is therefore considered to 
be insignificant. In the course of the calculation of the 
EGualetenpering parameter for each location, it was meee that 
the majority of the tempering effect is produced by the first 
weld pass immediately following the austenitizing pass. In 
the case of thermocouple location 1-2, the value of P as a re- 
SUeEwOL mass number 3 was calculated to be P = 9,722. Asa 
result of pass number 4, the total tempering parameter in- 
creased to P = 11,870, with only fractional increases con- 
tributed by each of the following eleven weld passes. 
Sulttariy, a value of P = 8,009 was calculated as the result 
Seepascemumber 15 at thermocouple location 2-1 increasing to 


P = 11,613 after pass number 14. 





The magnitude of the value of the tempering parameter, P, 
has only relative significance. It indicates the relative 
amount of tempering that is produced by different thermal his- 
Borteo, ana once a value of the parameter has been calculated 
using the time-temperature data obtained from a complex thermal 
history as is the case here, it can be used in the reproduction 
of the same tempering effect by less complicated thermal 
meseOties. An identical value of P obtained by rapidly heating 
a sample of the same alloy, holding at a constant temperature 
fOr some time period, followed by cooling at a rate closely 
approximating that experienced by air cooling a thick section 
weldment, should produce identical tempering effects. This 
1s especially useful in the laboratory production of simulated 
weld HAZ's of sufficient size for mechanical testing. The 
effects of simulated welds on the microstructure of HY-1350 
steel weldments is the subject of concurrent research conducted 


Pyemeameatta [Ref. 21]. 


E. MICROSTRUCTURAL ANALYSIS 

The optical micrographs and photographs of the carbon ex- 
Bader@em replicas produced during the course of this research 
are presented at the end of this section as Figures 24 through 
Peete, dre arranged in order of decreasing distance from 
the fusion line of the weld and the discussion that follows 


foeiebe simiiarly ordered. 


a 





1. Thermocouple Locations 1-4, 3-4 


These two thermocouples were located at distances of 
ieee Weelimeters (0.48 inch) and 12.4 millimeters (0.49 inch) 
respectively from the fusion line after welding. The micro- 
SeuueGemmes Shown in Figures 24 and 25 are very similar and are 
mepresentative of the base metal structure that existed prior 
to welding, that of tempered martensite. Located outside the 
HAZ, the microstructure in these areas would indicate little 
effect from the welding process. The carbon extraction replicas 
made at these locations are also indicative of the tempered 
martensitic structure, showing evidence of larger coarse 
@arbudes intermixed with finer carbide particles. The micro- 
hardness measurements made at these thermocouple locations 
(Tabel VI) agree with the Rockwell hardness measurements made 
on the base metal (Tables 3, 4, 5) further indicating a negli- 
gible tempering effect here. The peak temperatures recorded 
for these locations (Appendix 8B) did not exceed aE Canc) 
dime time-temperature data indicated that the time spent at 
these temperatures was on the order of only a few seconds, so 
no appreciable tempering was expected. 

Peeeihermocouple Locations 1-5, 5-5 

Thermocouples 1-3 and 5-3 were located at distances 
of 7.25 millimeters (0.29 inch) and 8.4 millimeters (0.55 inch) 
respectively from the fusion line after welding. The micro- 
Erapismshown in’ Figures 26 and Z2/ again are similar to each 


other and are not very different from those at thermocouple 
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locations 1-4 and 3-4 discussed previously. The microstruc- 
ture is again that ot tempered martensite, indicative of the 
base metal structure. As these thermocouples were also located 
Stieowae Of the HAZ, no significant change in microstructure 

was expected. The banding which appears in the micrographs 
iememe £6 Segregation in the original ingot which is aligned 
Mme wnol ling “direction upon rolling the ingot into plate. 

The carbon extraction replicas still indicate the presence 

of both coarse and fine carbides normally found in tempered 
martensitic structures. The microhardness measurements made 
aewene thermocouple locations (Table VI) again concur with the 
Rockwell hardness measurements made on the base metal. Thermo- 
couple 1-3 recorded a peak temperature of 1062°F (S972-G)) which 
could have produced some very slight amount of additional 


tempering. 


ad 


ware smocoupme Locations 3-2, 1-2, 2-2 


Thermocouple 3-2 was located close to the HAZ, but 
aeemocmmrzely 1 m&llimeter (0.04 inches) outside it. The 
Mreresaricture at this location 1S presented in Figure 28 
and consists of tempered martensite resembling that of the 
base metal structure. The structure is however, more typical 
of that found in the dark etching bands of the plate. The 
€Carppen Extraction replica made at this location is also con- 
parable to that obtained for thermocouples located in the 
base metal, outside the HAZ. The microhardness measurements 


made at the point of attachment of the thermocouple indicated 





a higher hardness than that of the base metal with a value of 
334 on the Vickers scale. This higher hardness does not corre- 
late well with the microstructural evidence presented. The 
actual hardness measurements made varied from a low of 317 
to a high of 358 on the Vickers scale, with an average of 334. 
The wide variation in values (and the resultant high average 
value) may be due to the variation in the dispersion of coarse 
and fine carbides present. The peak temperature recorded by 
thermocouple 3-2 was 893°R (478°C) which was below the Ay 
temperature. This would confirm that the thermocouple was 
located outside the HAZ as it was not heated into the inter- 
critical region. No significant change in the microstructure 
from that of the tempered martensite base metal would be 
Emepected, and none was found. 

iiceimocouple i=Z2 was located 579 millimeters (0.15 inches) 
Peometme Lusion line after welding, just inside the fine grained 
region of the HAZ. Thermocouple 2-2 was located 4.2 millimeters 
(0.16 inches) from the fusion line after welding, at the edge 
of the fine grained region of the HAZ. However, the fusion 
line 15 not parallel to the bottom of the thermocouple hole 
Pomeicearron 2-2 and at one point 1s only 3 millimeters (0.12 
tenes) away from it. It is likely, then, that a temperature 
gradient existed along the bottom of the thermocouple hole, 
and this would help explain why the peak temperature recorded 
ae rhiselocation Chee) a 6 ime Cc) was much iower than that 


recorded by the similar location 1-2 Gazi PPS°C) The 





microstructure at iocations 1-2 and 2-2 is presented in Figures 
Bmore 90 respectively. Both locations exhibited a very fine 
iaeeelisitic structure typical of the fine grained portion of 
Mae HAZ. 

In the carbon extraction replicas made at these locations, 
some carbides appear to remain undissolved by the thermal cycle. 
The fine carbides present in the base metal, as shown in Figures 
24 through 27, have dissolved, but the coarser carbides remain. 
At location 1-2, fewer of the coarse carbides remain than at 
Peaeton 2-2. This is probably a result of the double austen- 
1tizing treatment at location 1-2 caused by the first two weld 
passes there. The microhardness data shown in Table VI also 
indicates that more carbon has been dissolved at location 1-2 
as a higher hardness exists there than at location 2-2. Both 
of these locations exhibit a hardness much higher than that 
of the base metal, and their hardness is consistent with the 
microhardness traverses. 

weeetcrmocouple Locations 1l-T5 "2-1, 4-1 

Thermocouple 1-1 was located at the fusion line after 
welding. The thermal history recorded for this location is 
not considered accurate as the recording equipment used 
Operated intermittently during the first seven weld passes. 

The thermal history has been reconstructed as carefully as 
possible and is included for information purposes only. The 
MeaenoPnapis presented in Figure 51 are included as an example 


of the microstructure at the fusion line where some mixing of 
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the weld metal and base metal has taken place. The micro- 
Semlcture 1s that of coarse martensite. The carbon extraction 
replica at this location has revealed the detail of the marten- 
Site and fine carbides can be seen to have formed preferen- 
tialiy along the martensite laths. It is believed that these 
carbides have formed as a result of the tempering effect of 
subsequent weld passes. 

Thermocouples 2-1 and 4-1 were located very near the 
fusion line at distances of 1.0 millimeters (0.04 inches) and 
Temititumeters (0.016 inches) from it respectively. The 
Mmuevemetructure at thermocouple location 2-1 is shown in Figure 
32, and consists of coarse martensite with some fine carbides 
formed preferentially along the martensite laths. The peak 
temperature recorded by this thermocouple was 2501 FMGE260-C) 
indicating that this region had been completely re-asutenitized 
by the nearest weld pass (pass number 12). It was subjected 
to some tempering by the final three weld passes, which pro- 
duced the carbides shown in the carbon extraction replica. 

The microhardness measurements made at the point of attachment 
Smeicmmocouple 2-1 (Table VI) indicate a hardness value of 
335 on the Vickers scale which compares favorably to the 
fusion line hardness measured during the microhardness trav- 
erses performed on the temper bead sequence and with the Rockwell 
hardness measurements made there. The carbides shown in the 
carbon extraction replica are smaller than those found in the 


base metal, though of the same shape and approximate distribution 





indicating that this region was not as heavily tempered as the 
Dase metal. The microhardness measurements confirm this 
observation. 

iiermocouple 4-i was mounted at the location of the 
Eee pass On the straight sequence welded side of the test plate, 
and was 0.4 millimeters (0.016 inch) from the fusion line after 
welding. The microstructure of the metal at this thermocouple 
Ieeation is shown in Figure 53, and consists entirely of un- 
Penge medmemarcenisite. Since this was the location of the last 
pass, no evidence of tempering was expected and none was found. 
The dark spherical spot appearing in the 1400X micrograph is 
ima Imciiuslon or void but is the remnant of a small depres- 
Suonmereatead sin the bottom of the thermocouple hoie during 
eine tne Carbon extraction replica indicates the relief 
TiMeiecmolGrace Of the sample produced during etching, but 
shows no evidence of the presence of carbides. The peak 
temperature recorded by thermocouple 4-1 was Dae CODEC). 
Piero telt that this value 1s erroneously low. Since 
Biromenemmocouple was located closer to the fusion line than 
thermocouple 2-1, the peak temperature experienced here would 
be expected to be higher. A possible reason for the lower 
peak temperature is suggested by Figure 12. The bottom of 
the thermocouple hole may have retreated away from the fusion 
line area (buckled upwards into the thermocouple hole) with 
the approach of the weld bead, effectiveiy moving the thermo- 


couple away from the weld bead. <A gap between the bottom of 
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the weld bead and the bottom of the thermocouple hole is 
evident in Figure 12, and the hole bottom has taken on a 
concave appearance. The microhardness measurements made at 

the thermocouple attachment point (Table VI) indicate a hard- 
ness value of 382 on the Vickers scale. This value agrees 
With both the Rockwell hardness measurment made at the fusion 
line and with the data obtained from the microhardness traverse 
performed at the last pass of the straight bead sequence. The 
high hardness, equivalent to approximately 38 Res is also in 
agreement with the microstructural evidence which indicated 
that none of the carbon had precipitated as carbides. The 
high hardness would be expected in an area that was untempered, 


as was the case here. 


F, ADDITIONAL OBSERVATIONS 

The plot of the peak temperature versus distance from the 
fuUsionmermes (rte, 19)5 when Combined With the average width of 
the visible HAZ (5.95 mm), suggests that the Ay temperature 
is elevated by rapid heating to approximately 1350°F sz C). 

The microhardness traverses conducted coupled with the 
MicCroOcsmm@temunaiealalysis indicates that Significant tempering 
in the HAZ can be caused by subsequent weld passes. The 
tempering lowers the overall hardness of the HAZ and may 
increase the distance over which the hardness decreases from 
that of the HAZ to that of the base metal. This is probablv 


due to a more rapid tempering response of the metal at the 
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Bete co. iGedtiont I-35 %.co mm from the 
fusion line after welding. 
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puguprerczy,. Location o-3, 8.4 mm from the 
fusion line after welding. 
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Figure 28. Location 3-2, 5.6 mm from the 
fusion line after welding. 
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8000X TEM CamabonmmExtraction Replica 


Figure 29. Location 1-2, 3.9 mm from the 
fusion line after welding. 
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8000X TEM Carbon Extraction Replica 


Figure 30. Location 2-2, 4.2 mm from the 
PiSsitonumenanver welding. 
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Baines LOcdhOne| =|40at tne fusion 
line after welding. 
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Figure 32. Location 2-1, 1.0 mm from the 
fusion line after welding. 
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8000X TEM Carbon” Extraction Replica 


Figure 33. Location 4-], 0.4 mm from the 
fusion line after welding. 
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oclee Of @ehe visible HAZ. in support of this explanation, 
cmos tOlwsowing argument is offered: 
Austenite formed by heating the steel into 
facie l ehOnmreMperatune intercritical 
region will have a higher carbon content 
than the buik composition. Thus, the marten- 
site which is formed from it on rapid cooling 
should have a higher hardness than that formed 
from fully austenitized steel. Only a frac- 
mIOnme Or che Microstructure, however, will be 
martensite. The remainder will be composed 
Bimaeeeeunce Of ferrite and carbides. High 
carbon martensites are known to temper more 
quickly than low carbon martensites [Ref. 22]. 
Therefore, for a given amount of tempering, 
the hardness of the material heated nearest 
the A, temperature should decrease more than 
that bf material heated to higher temperatures. 

Ths “effect appears to have occurred only at locations very 

© 
near the edge of the visible HAZ, as is demonstrated by compar- 
iemtae results of the microhardness traverse shown in Figure 
20 with that shown in Figure 22. Evidence in support of the 
above stated argument is obtained by combining the information 
Meccemuedsin Figures 19 and 20. In doing so, it is found that 
the hardness of the HAZ, at the locations where the steel was 
meedmeimee the intercritical region, is slightly higher than 
at locations which were heated to above the Az temperature. 

The low hardness observed at the fusion line is a Surpris- 
ing result as Brucker [Ref. 25] did not report this observation. 
His microhardness measurements conducted on cast HY-150 plates, 
were performed at 0.25 millimeter (0.01 inch) intervals in 
the vicinity of the fusion line. As a result, the minimum 


hardness occurring at the fusion line could have easily been 


missed. Re-examination of his data on the cast HY-150 plates 





has revealed a minimum hardness at the fusion line in all 
moumaness traverses that he performed. Neither the optical 
microscopy performed in the course of this research, nor 

that performed by Brucker provides any indication as to why 
this minimum exists. One possible explanation is the forma- 
tion of the delta ferrite phase (with its attendant very 
iewecaroon sSOlubility) im the vicinity of the fusion line. 
(tt@erom transmission electron microscopy may provide a clue 


as to the cause of the low hardness at the fusion line. 
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IV. CONCLUSIONS 


Based on the research conducted and the results obtained, 
following conclusions are drawn: 

A severe hardness gradient (and corresponding strength 
gradient) does exist near the edge of the heat affected 
zone at the location of the last weld pass in a HY-150 
plate welded with the straight bead sequence technique, 
Supporting the "metallurgical notch" theory postulated 

by Brucker. 

Subsequent weld passes do produce some tempering effects 
in the initial weld passes and their associated heat 
affected zones. 

A definite relationship exists between the thermal history 
during welding, the hardness and the microstructure 
observed. 

The fusion line hardness is significantiy lower than that 
of adjacent weld and base metal. 

No significant changes in the microstructure of the welded 
PitmeomocciiT OUStide of the@meat aéfected zone. 

The technique used during welding (i.e. temper bead, 
cements sequence, etc.) does make a definite difference 


MPiemrremeLeles Of tne base metal’s heat affected zone- 





V. RECOMMENDATIONS 


Based on the research conducted, the results obtained and 
the conclusions drawn, the following recommendations are 
Dresened : 

Meee meeti-deptn, Cuantitative as well as qualitative study of 
the tempering effects in the heat affected zone be under- 
taken, possibly through the use of Transmission Electron 
Microscopy. 

2. A comparison of the thermal history data obtained from 
ac eomeunmenecd weld Dewmade with thermal histories pre- 
dicted by existing computer programs and the programs 
updated as necessary. 

3. Macroscopic sized samples of the heat affected zone be 
produced in the laboratory and tested mechanically to 
determine strength, fracture toughness and crack initiation 
and propagation properties. 

4. As an interim measure, pending completion otf the recommended 
studies, all future welds in thick sections of HY-150 steel 


be made using the temper bead technique. 





APPENDIX A 















MAR nD Wave ARS @Leine 
eel Shae aL SHIPYASS bets 2, AES 


WELDTitG PPACEDURE QUALIFICATION SECI°N 















Material HY-130 
SoecificationAslL-$-2 


Material 
Condition ‘°7ED 


Material Type Ay-130 


or Classification 


Thickness J 7 


¥-150 
37/9°? Weis. 243 14) 


Base Mat‘l prse wAwW/o 
Cleaning 


Method of PraWde BeEvELED 
Edece Preo., 

If Mat’l is Pioe, 
fa. and Wall Thickress 


BVgr Ss 3G. 
























Thickness Rance This 
Test Qualified 












Filler ‘taserial 
Soecificiriocar 
Describe Friller Staterial if noe 
Described ina 


W714-E- 2¢4855A /it-/fos-/ peat 25/252 4 
7 


are: Fp PREP SOF 7198 LETS jD-000. 


trolicable Snecificaction er PROVIOED HWY¥-1I0 PaeocRarg MMs PE 


6 TPM 


















Flux Composition Ssecificition Postweld tieat Treatrtent 
Sisce, Tv=° 
Backing Ring or Strio Consumable Insert Trse, Size, Soec. 
Mat'l, Tene Na F f=) 
fa 
SPEC. | 
Soinceosoco. >. O. ne 
B sive / ASIDE { 
LKG OPPOSE 
OiRECTION OF 
Howie) A Sac 
2709 F Z 40S 
WELD PROGRESS/DEPOSITION SEQUENCY TORCH, WIREFEED PELATIONSHIP 


AND LOCATICN 





No YE Se | I5E / ie 
Benn DoE xL Me TEMPER 
BeAo. ESTABLISH SOE / 
PIRAMES ERS [0 DYPLICAZE 
MALE F& L£5¢0 f S706 £ 
7° QPLCYE PLa-e v4 


78 








bao Test :.0. 

‘A Ld (a 
W2LGLe® 

poee. 







pie ISLAND AVAL SHEPYAZD 
WELDING PHOCELUSE CUALIFICATICS RECG3 













LECTROOE «| Tvs: 


~— g— §— hf — §-—— §— 


Sloe f 
Pima. 98 SS fe Les 
mS eG. foe ON = See | { 


~f.— i — § — 
_ —_ fo —  —_ — — - 
- 





WIELDING ue " be _ —= f22 ff " i [1S SS TE 











FURGLNG 


WELOING - SLT RE FLEE ifg20!400 400 
RAMETERS woes \ ] : ee LZ ae 


WTCMATIC 
icLDING 


OThER 
PECIFY 


£ v62U-d0 QUE Hee. Zesl 
: t j ' ' | 


-S a4 ececssoce. 





Shiv. ss. Others 





79 





hod bed 4*3aG ese 


Oo) MASE [Sipe merece Suleyeon 
WELDING PRCCEDUSS CUALIFICATION 22c029 Prac. Mo. 
Page 3 of 3 


welding 








Wetoine Data Svoe / sto atk Peloezorvening 













as lated 0 
SaaS 50 PLE I , ! { t 
Pe Ce os. } j \ { | 
Manne ees. AUS en ae ae | . 
(eiscmiaee) = c a ae | i 
— a . 
Grete a | Cllr .7 iss OT ne ie) een a 1 | | 





BEGCIAQUE « 22 
Sy sa ae re ' ; 
ES rn ae a a | 

Wee s Giclee Se oN ' | 






SILLER 
MeraL”? 


HEELDING pCi: LS: . 





PUAS 


Bite sea hs 


NTERPASS [oan 








ne one eee ee = ' ! ' 
a Wee coe Ge sin See | fo sane sm 
PeEMe one G sos ee a ek os { ' { 1 
t \ ? | ‘ 
Pere pee ce.. wT Uae PoOlasite ; ' j 
=ARACTER Cpe Cesc. s Sopesce |  . 








WELDING 
\RAMETERS 









‘Iniy 1f OcNer TAaN elecssoce. 


+ 


80 

















u00° | I~ ¢ NMGIA dO 
(te G-2 
n0S° ier G 
Go. €-Z 2 3901S 
mice 7-2 
Ou ; Ear nae 
19A99 WOUS —_—— 
JONVISIG v4 10K Cx S32IYSS ” 
si 
q JL0N BIOH e-oe ix Saiyas ,2 
10 hty-ayt 
nO0- | 9-| 3/ 7 /-2 Y2z €-Z p-2 SY 9-7 3 H ‘ ’ 
ae oa Bovsyas wae whl 9-§ S-l b-l €-1 V-) ayes 
Ge” =| TAIIJ 
ee oi FINIG 30 3son——~ 
T9A99 WOUS F700 
aoe SMI3IA SdIS 
VY JILON Cx Salsas BI0OH fe sdatI¥3S ZIOHW 
oOf ce 3d1S 
&—vh, 
” % : \ We oe\ oh 
Hh Y LON 
8 BION 33s 
33s 





8] 





100° 















9-P 
“iis S-p NAIA dol 
19S — vv 
TO e-P 
nGc- Cav 
ral \-b WIE 
TAI9 WOUS ————— 
JONVISTC # ITOH 
q JLON Z 
S3INI ¥ 
tesanas 92g, sass a2 
ee 7 : rez ee 370H) to 
Nae ; -b I+ Eb b-b SF 9- 
a ae zovsyas BAR) tide tab ahh Foe se pe ce ve 1-¢€ 
ae Sa LARUE! 
nol” me IFIAIT FO 3s0N 7” 
13A39 WOU Perit 
JONVISIO vA OH 
ve SMIIA Jas 
bx SBIYAS BWIOH oO Ew SAIYIS JBIOH of 
Zazais 4 \& ~*~ 





er 





APPENDIX B 
THERMAL HISTORY DATA 
OSTA ENED FROM TINE- TEMPERATURE PLOTS 
taeRMOCOUPLE #1-1 SVEN E) till) CHANNEL #1 
Mee oEQUENCE TEMPER BEAD 


BASE TEMPERATURE (AVERAGE) 280°F 


PASS # PEAK (°F) TIME FROM BASE TIME FROM PEAK 
TEMPERATURE TEMP TO PEAK TO BASE TEMP 

1 1518 * 8.4 Sec * 14.2. Min 
2 1500 * 8.4 "4 UNREADABLE " 
3 595 * 16.8 '" 8 15.2 " 
4 1162 * 9.6 " ® 10.0 " 
5 _ 493 * 20.4 " # 9.6 " 
6 756 * me) Meas 3 7.0 " 
7 569 * 18.0 " # oe " 
g 426 28.8" 6.8 " 
9 616 15.6 ' ieee " 
10 509 22.8 =" 24.1 " 
i 390 52.8 " 16.4 " 
12 504 ayy 19.4 " 
13 453 40.8 " ioral " 
i4 495 30.0 #1! 16.7 " 
15 477 40.8 " Use " 


mieecmenammel intermittent for first 7 weld passes. 





Rie RMOGCOUPLE #1-2 SDE a ib CHINE la a Z 
PELD SEQUENCE TEMPER BEAD 


BASE TEMPERATURE (AVERAGE) 250°F 


PASO i PEAK faa) Pie ROM DASE TIME FROM PEAK 

TEMPERATURE TEMP TO PEAK 10" SAC 1 SMe 

i 1600 9.6 Sec NOL Hi Min 
2 1424 ORS is UNREADABLE " 
3 (le ey : ome - 
4 1068 ee s i O29 e 
5 548 13-20 Leys : 
6 Go7 i4.4 n 14.4 if 
7 591 eer) : ge 5 Ma 
8 426 2 30 a (3.0 i 
9 ous ¢* iposo, 0 1 Oe 6 ie 
10 50 Clee Con - 
ce 399 45.6 “ 15.46 . 
eZ 500 wees . LIeS 
lig 453 38.4 . eres : 
14 484 5S a6 " ilove " 
15 473 34.8 : al ielese " 


*Questionable reading peak erratic. 


**Estimated Reading 
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THERMOCOUPLE #1-3 Sie Eo F CHANNEL “#3 
PelD SEQUENCE TEMPER BEAD 


BASE TEMPERATURE (AVERAGE) 250°F 


PASS # PEAK (°F) TIME FROM BASE TIME FROM PEAK 
TEMPERATURE TEMP TO PEAK TO BASE TEMP 

1h 1062 4.8 Sec Zone Min 
2 Tog 14.4 20.6 " 
3 443 34.8 8" ies " 
4 577 15.6 " 18.9 " 
5 409 43.2" 13.9 " 
6 520 20.4 " 17.4 " 
7 432 56.4 =" Sees " 
8 319 75.6 =" 4.9 " 
9 477 48.0 " 11.1 " 
10 405 67.2." 1 cll " 
11 301 120.0 " 7.4 " 
12 452 72.0 " 12 2 " 
13 375 86.4 =" 10.3 " 
14 418 75.62" 8 " 





THERMOCOUPLE #1-4 


HeewessOUENCE TEMPER BEAD 


PASS # 


SUE 


tf 


CHANNEL 


BASE TEMPERATURE (AVERAGE) 360°F 


TIME se ROM  BEak 
TOV BASE TEME 


PEAK (°F) 
TEMPERATURE 


496 


TIME FROM BASE 
TEMP ITO PEAK 


Sas 


14 


Ze 
ex 
Om 
Ibs 
aie 
48. 
La 
Se 
OG 
Soe 
58. 
44, 
48. 


2 


4 


86 


Sec 


#4 


UNREADABLE 


UNREADABLE 


14. 
sr. 
Lon 
Ga 
Oe: 

ox 
ie le 
Loe. 
oF 
hee 
16. 
Sy 


ie 


8 
3 


Min 


tt 


a nt 
ee _ 
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mans ees - 





TMERMOCOUPLE #2-1 SVE Fi CHANNEL #12 
bel SEQUENCE TEMPER BEAD 


BASE TEMPERATURE (AVERAGE) 250°F 


Pao PEAK (°F) TIME FROM BASE TIME FROM PEAK 
TEMPERATURE TEMP TO PEAK TO BASE TEMP 

). 453 S00) See 2e2 Min 
2 S75 20.4 : UNREADABLE " 
5 385 S020 " li 2eent ee 
4 1015 [eee i 8 . 
5 372 24.0 i O26 a 
6 1463 f) te ip al 4 u 
u So Ie) s 2 . 8.8 be 
8 354 26.4 iy 5.9 : 
9 1596 102 . ieee : 
10 624 14.4 ‘ ibs (e i 
gl a7 5H 20 : 1G ae ‘a 
2 1, 10h 2.4 u oro i 
1S 455 26.4 i 14.9 u 
14 OAT Sai a pe 
1S 656 Oh iy Ge. omer, 


Estimated 
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PERMOCOUPLE #2-2 SDE # 1 CHANNEL #11 
few SEQUENCE TEMPER BEAD 


BASE TEMPERATURE (AVERAGE) 260°F 


PASS # PEAK (°F) TIME FROM BASE TIME FROM PEAK 
TEMP ERATURE TEMP TO PEAK TO BASE TEMP 
ih 562 26.4 Sec UNREADABLE 
2 573 ome. UNREADABLE 
3 412 726 17.0 Min 
4 819 10.8 " 13.5 " 
5 405 28.8 " 13.4 " 
6 953 9.6 " 14.6 " 
7 519 20.4 =" UNREADABLE " 
8 351 ci 6.6 " 
9 1250 8.4 17.0 i" 
10 599 15.6 " 2 
11 376 S70 12.8 " 
ie 1158 6.0 " eg " 
13 450 5050 a 17.1 " 
14 894 120 set 15.9 " 
15 608 18.0 " UNREADABLE " 
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THERMOGOUPLE #35-2 Swe a CHANNEL #2 
Hee SEQUENCE STRAIGHT BEAD 


BASE TEMPERATURE (AVERAGE) 250°F 


PASS # # PEAK (°F) TIME FROM BASE TIME FROM PEAK 
TEMPERATURE TEMP TO PEAK TO BASE TEMP 

1 778 12.0 Sec 23.4 Min 
2 893 10.8" 21.4 " 
3 506 20.4 =" 17.26 =" 
4 665 or as " 
5 435 25.2 a Ri? " 
6 793 io we 29.8 " 
7 600 eens! 20.64 =" 
g 392 42.0 " HELE " 
9 437 27.6 " 13.0 " 
10 545 21.6 " 12s " 
11 622 Loko Pe TES ea " 


89 





THERMOCOUPLE #3-3 SUE 2 CHANNEL #3 
WELD SEQUENCE STRAIGHT BEAD 


BASE TEMPERATURE (AVERAGE) 270°F 


PASS # PEAK (°F) TIME FROM BASE TIME FROM PEAK 
TEMPERATURE TEMP TO PEAK TO. base. UEtiP 

1 OW ioec Sec a Min 
Z 5) Ou a alt ee e 
3 500 ioe: : rene 
4 641 14.4 " ice " 
5 435 Piss 7 i UNREADABLE 
6 TS Ibe st, " 5520 ” 
7 ay 1 14.4 . L508 a 
8 403 40.8 BS 10 - 
9 435 2 oe . 2 ae . 
10 0 LG n 14.7 u 
3b 605 IRS) Ee " Ze : 
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THERMOCOUPLE #3-4 S NBEO # 2 CHANNEL #4 
WELD SEQUENCE STRAIGHT BEAD 


BASE TEMPERATURE (AVERAGE) 270°F 


Bao i PEAK (°F) TIME FROM BASE TIVE SERCMe PEAK 
TEMPERATURE TEMP TO PEAK TOMB SE = LEME 

i 610 RS ae ote IO, Min 
2 696 14.4 . 24 re i 
5 466 24 .0 “ Lei a4 
2 5960 204 as gee 4 
S 412 55.0 4 UNREADABLE " 
6 Ot 2 14.4 34.4 
L 902 Cale : Loewe. a 
8 585 48.0 : Sara iu 
S 403 SiO im ase a 
10 461 LSet a 14.6 . 
Weal Sieg ZO KN eS " 
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THERMOCOUPLE #4-1 SWE eZ CHANNEL #12 
Hewes eOUBNCE STRAIGHT BEAD 


BASE TEMPERATURE (AVERAGE) 250°F 


PASO PEAK (°F) TIME FROM BASE TIME FROM PEAK 
TEMPERATURE TEMP MOr PEAK TO SB ASE EMP 

1 545° * 

2 LZSs NOTE: 

5 459 Time data unavailable 
4 Lom as time scale was dis- 
5 410 continuous - problems 
6 LE a with recorder stopping 
7 840 between weld passes. 

8 UNREADABLE 

9 — 605 

EO 880 

Hae 1428 

*Estimated 


**Readings believed low from this point onward as thermocouple 
may have moved (see results). 
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